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We study the production of ΛΛ and Λn exotic states in central Pb+Pb collisions at
√
sNN =
2.76 TeV at LHC via both hadron and quark coalescence within a covariant coalescence model
with a blast-wave-like parametrization for the phase-space configurations of constituent particles
at freezeout. In the hadron coalescence, the two states are considered as molecular states while
they are considered as six-quark states in the quark coalescence. For Λn, we find that the yields of
both molecular and six-quark states are much larger than the experimental upper-limits. For ΛΛ,
while the molecule-state yield is much larger than the experimental upper-limits, the six-quark-state
yield could be lower than the upper-limits. The higher molecule-state yields are mainly due to the
large contribution of short-lived strong resonance decays into (anti-)nucleons and (anti-)Λ which can
significantly enhance the molecule-state yields of ΛΛ and Λn via hadron coalescence. Our results
suggest that the current experimental measurement at LHC cannot exclude the existence of the
ΛΛ as an exotic six-quark state, and if ΛΛ is a six-quark state, it is then on the brink of being
discovered.
PACS numbers: 25.75.-q, 25.75.Dw
I. INTRODUCTION
The conventional hadron spectrum can be well under-
stood in quark model in which mesons are considered to
consist of a quark and an anti-quark while (anti)baryons
consist of three (anti)quarks. However, the fundamental
theory of strong interaction, Quantum Chromodynam-
ics (QCD) does not forbid the existence of exotic states
with more than three valence quarks such as tetraquarks,
pentaquarks, hexquarks, and so on. Jaffe [1] first pre-
dicted the existence of H-dibaryon, a hypothetical bound
state consisting of uuddss with spin-parity Jpi = 0+, us-
ing a bag model approach. Lattice QCD (LQCD) cal-
culations [2, 3] also suggest the bound H-dibaryon with
strangeness S = −2 and spin-parity Jpi = 0+ may ex-
ist, although this needs to be confirmed by the physical
point simulations [4]. A relevant and interesting question
is about the possible existence of other exotic dibaryon
states including nucleon-hyperon bound states like Λn
with S = −1 and Jpi = 1+ [5]. These studies would be
extremely useful for understanding the largely uncertain
nucleon-hyperon and hyperon-hyperon interactions.
To understand the Λ-Λ interaction, the STAR collab-
oration [6] at Relativistic Heavy-Ion Collider (RHIC) re-
cently measured the Λ-Λ correlation function for central-
ity 0 − 80% Au+Au collisions at √sNN = 200 GeV. In
Ref. [6], a positive scattering length a0 > 0 (decreas-
ing phase shift) is obtained by analyzing the data us-
ing Lednicky-Lyuboshits (LL) model formula. However,
an opposite sign of a0 is favored [7] by using Koonin-
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Pratt (KP) formula. These two apparently contradictive
conclusions can be understood [8] in the LL model for-
mula with different values of Λ-Λ pair purity probability
λ which is still largely uncertain. Therefore, more experi-
mental measurements are needed to further constrain the
details of the Λ-Λ interaction so as to determine if the
bound ΛΛ state can exist or not.
Very recently, the ALICE collaboration [9] at Large
Hadron Collider (LHC) searched for weakly decaying ΛΛ
and Λn exotic bound states in central Pb+Pb collisions
at
√
sNN = 2.76 TeV, and no bound states of ΛΛ and
Λn are measured in the decay modes Λn → d¯pi+ and
H-dibaryon → Λppi−. The obtained upper-limits of the
yields (dN/dy at mid-rapidity) are found to be, in a large
range of decay branching ratio (BR), much lower than
the predictions of various models, including the equilib-
rium thermal model [10], the non-equilibrium thermal
model [11, 12], a hybrid UrQMD calculation [5], and
the coalescence model in which they are assumed to be
molecular states (with hadron coalescence) or six-quark
states (with quark coalescence) [13, 14]. The comparison
between the experimental measurement and these exist-
ing model predictions seems to exclude the existence of
the ΛΛ and Λn exotic bound states. However, we note
that the coalescence model predictions of H-dibaryon in
Refs. [13, 14]) are made only for central Au+Au (Pb+Pb)
collisions at
√
sNN = 200 GeV (5.5 TeV) at RHIC (LHC)
based on a significantly simplified approximate analytic
formula of the coalescence model [13, 14]. Therefore, it
is interesting to explore the production of ΛΛ and Λn in
central Pb+Pb collisions at
√
sNN = 2.76 TeV in a more
realistic coalescence model, and see if the experimental
limits can or not exclude the existence of ΛΛ and Λn as
molecular states or six-quark states. This is the main
2motivation of the present work.
In this paper, we carefully calculate the yields of
the ΛΛ and Λn exotic states in central Pb+Pb colli-
sions at
√
sNN = 2.76 TeV by combining the covariant
coalescence model [15] together with a blast-wave-like
parametrization [16] for the phase space configurations
of constituent particles at freezeout. We demonstrate
that while the yields of molecule-state and six-quark-
state Λn as well as molecule-state ΛΛ are much higher
than the experimental upper-limits, the six-quark-state
yield of ΛΛ could be lower than the experimental upper-
limits. Therefore, our results suggest that the current
experimental measurement at LHC cannot exclude the
existence of the ΛΛ as an exotic six-quark state although
the ΛΛ is unlikely to be a molecular state.
II. COVARIANT COALESCENCE MODEL
The coalescence model [15, 17–21] and the thermal
model [5, 22–26] provide two main approaches to de-
scribe the composite particle production in relativistic
heavy-ion collisions. The main feature of the coales-
cence model [17–19] is that the coalescence probability
depends on the details of the phase space configurations
of the constituent particles at freezeout as well as the sta-
tistical weight and wave function of the coalesced clus-
ter, while these details are of no relevance in the ther-
mal model [22–24] of cluster creation. For particle pro-
duction at mid-rapidity in central Pb+Pb collisions at√
sNN = 2.76 TeV considered here, we assume a longitu-
dinal boost-invariant expansion for the constituent par-
ticles and the Lorentz invariant one-particle momentum
distribution is then given by
E
d3N
d3p
=
d3N
pTdpTdφpdy
=
∫
d4xS(x, p), (1)
where S(x, p) is the emission function which is taken to
be a blast-wave-like parametrization as [16]
S(x, p)d4x = mT cosh(η − y)f(x, p)J(τ)dτdηrdrdφs , (2)
where mT =
√
m2 + p2T is the transverse mass
of the emitted particle and f(x, p) is the statisti-
cal distribution function which is given by f(x, p) =
g(2pi)−3[exp(pµuµ/kT )/ξ±1]−1 with g being spin degen-
eracy factor, ξ the fugacity, uµ the four-velocity of a fluid
element in the fireball, and T the local temperature. The
freezeout time is assumed to follow a Gaussian distribu-
tion J(τ) = 1
∆τ
√
2pi
exp(− (τ−τ0)22(∆τ)2 ) with a mean value τ0
and a dispersion ∆τ . The transverse rapidity distribu-
tion of the fluid element in the fireball is parametrized
as ρ = ρ0r/R0 with ρ0 being the maximum transverse
rapidity and R0 the transverse radius of the fireball [16].
The detailed information can be found in Ref. [27]. In
the present coalescence model, the phase space freezeout
configuration of constituent particles are thus determined
by six parameters, i.e., T , ρ0, R0, τ0, ∆τ and ξ.
TABLE I: Parameters of the blast-wave-like analytical
parametrization for (anti-)nucleon [27], (anti-) Λ [31] and
light quark phase-space configurations for Pb+Pb collisions
at
√
sNN = 2.76 TeV.
T(MeV) ρ0 R0(fm) τ0(fm/c) ∆τ ξH
FOPb-N 121.1 1.215 19.7 15.5 1.0 3.72
FOPb-Λ∗ 123.4 1.171 16.7 13.1 1.0 13.64
T(MeV) ρ0 R0(fm) τ0(fm/c) ∆τ ξu ξs
FOPb-Q 154 1.08 13.6 11.0 1.3 1.02 0.89
In the coalescence model, the cluster production prob-
ability can be calculated through the overlap of the clus-
ter Wigner function with the constituent particle phase-
space distribution at freezeout. The invariant momen-
tum distribution of the formed cluster consisting of M
constituent particles can be obtained as
E
d3Nc
d3P
= Egc
∫ ( M∏
i=1
d3pi
Ei
d4xiS(xi, pi)
)
×
ρWc (x1, ..., xM ; p1, ..., pM )δ
3(P−
M∑
i=1
pi),(3)
where Nc is the multiplicity of the cluster with energy
(momentum) E (P), gc is the coalescence factor, ρ
W
c is
the cluster Wigner function and the δ-function is adopted
to ensure momentum conservation. In this work, the
harmonic oscillator wave functions are assumed for the
clusters in the rest framework and the corresponding
Wigner function is ρWc (x1, ..., xM ; p1, ..., pM ) = ρ
W (q1, · ·
·, qM−1, k1, · · ·, kM−1) = 8M−1 exp[−
∑M−1
i=1 (q
2
i /σ
2
i +
σ2i k
2
i )], where µi−1 =
i
i−1
mi
∑
i−1
k=1
mk∑
k=i
k=1
mk
, (i ≥ 2) is the re-
duced mass, σ2i = (µiw)
−1(1 ≤ i ≤M − 1), and w is the
harmonic oscillator frequency. The details about the co-
ordinate transformation from (x1, ..., xM )[(p1, ..., pM )] to
relative coordinates (q1, ..., qM−1)[(k1, ..., kM−1)] can be
found in Ref. [27]. The mean-square radius is given by
< r2M >=
3
2Mw [
∑M
i=1
1
mi
− M∑M
i=1
mi
]. The integral (3) can
be calculated directly through multi-dimensional numeri-
cal integration by Monte-Carlo method [27, 28]. Since the
constituent particles may have different freezeout time,
in the numerical calculations, the particles that freeze
out earlier are allowed to propagate freely until the time
when the last particle in the cluster freezes out in order
to make the coalescence at equal time [27, 29, 30].
III. RESULT AND DISCUSSION
A. Hadron Coalescence
Firstly, we consider ΛΛ and Λn as molecular states
and their productions in central Pb+Pb collisions at√
sNN = 2.76 TeV at LHC can be described by Λ-Λ
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FIG. 1: The yields of Λn (a) and ΛΛ (b) versus root-mean-
square radii through hadron coalescence and quark coales-
cence. The diamonds indicate the yield with binding energy
Ebind = 1 MeV in the hadron coalescence while the stars rep-
resent the yield with a radius obtained from the harmonic
oscillator frequency ws (see text for the details) in the quark
coalescence. The dash-dotted lines are predictions from the
thermal model [9].
and Λ-n coalescence, respectively, in the covariant coa-
lescence model. The basic inputs in the present coales-
cence model calculations are the freezeout configurations
of nucleons and Λ particles which can be extracted from
experimental information on the production of protons,
Λ, light nuclei and light hypernuclei. For central Pb+Pb
collisions at
√
sNN = 2.76 TeV, the freezeout configura-
tions of nucleons (denoted as FOPb-N) and Λ (denoted
as FOPb-Λ∗) have been obtained by fitting the experi-
mental spectra of protons, Λ, deuterons and 3He as well
as the measured 3ΛH/
3He ratio, and the details can be
found in Refs. [27, 31]. The parameter values of FOPb-N
and FOPb-Λ∗ are summarized in Table I, and one can
see that the protons and Λ have different freezeout con-
figurations with the latter having an earlier mean freeze-
out time and a smaller freezeout radius to reproduce the
measured 3ΛH/
3He ratio and the 3ΛH spectrum, as dis-
cussed in detail in Ref. [31]. In central Pb+Pb collisions
at
√
sNN = 2.76 TeV, we assume the particles and their
anti-partners (as well as protons and neutrons) have the
same freezeout configuration.
In the coalescence model, the cluster yield also depends
on the cluster size. The root-mean-square radii (rrms)
of ΛΛ and Λn can be related to their binding ener-
gies [13, 14] and their values are treated as free param-
eters in this work. Fig. 1 shows the pT - integrated yield
in the mid-rapidity region (−0.5 ≤ y ≤ 0.5) (i.e., dN/dy
at y = 0) of Λn (panel (a)) and ΛΛ (panel (b)) versus
rrms in the range of 0.5 ∼ 5 fm through hadron coa-
lescence (solid lines). It should be noted that the mea-
sured Λ spectrum [32] includes the contributions from
strong and electro-magnetic decays but excludes the con-
tributions from weak decays. Following Ref. [14], we as-
sume the measured Λ multiplicity NmeasuredΛ(1115) = NΛ(1115)+
1
3NΣ(1192) + (0.87 +
0.11
3 )NΣ(1385) = 7.44NΛ(1115) from
which one can easily obtain that the electro-magnetic de-
cay contributes about 16.4% of the total yields. Because
the Λ particles coming from electro-magnetic decay of
Σ(1192) do not appear in the fireball, thus they should
not contribute to the coalescence process and this has
been corrected for the results in Fig. 1 and the following
analyses. For FOPb-N and FOPb-Λ∗, the yield (dN/dy
at y = 0) of Λn ranges from 6.66×10−2 to 16.8×10−2 and
the yield of ΛΛ ranges from 1.03× 10−2 to 2.80× 10−2.
In experimental analysis [9], the binding energy Ebind of
both Λn and ΛΛ is assumed to be 1 MeV, and the corre-
sponding rrms of Λn and ΛΛ are 2.2 fm and 2.1 fm [14],
respectively, which are shown by diamonds in the solid
lines in Fig. 1. The corresponding yields at Ebind = 1
MeV are 14.79 × 10−2 for Λn and 2.51 × 10−2 for ΛΛ.
The predictions of a thermal model with a temperature
of 156 MeV [9] are also included in Fig. 1 (dash-dotted
lines) for comparison. From Fig. 1, one can see that the
yields of both Λn and ΛΛ from the thermal model can be
a few times smaller than that of hadron coalescence, de-
pending on the size of Λn and ΛΛ. This feature could be
due to the earlier Λ freezeout in the coalescence model,
which significantly enhance the yield of light hypernu-
clei [31].
B. Quark Coalescence
Now we assume ΛΛ and Λn are six-quark states, i.e.,
ΛΛ is a bound state of uuddss while Λn is a bound
state of u¯d¯d¯u¯d¯s¯, and their yields can then be calculated
through the quark coalescence model. The quark coales-
cence calculation needs the information of phase-space
distributions of u, d, s quarks and their anti-partners at
freezeout, which are determined in the present work by
fitting the measured spectra of p(uud), Λ(uds), Ξ−(dds),
Ω−(sss) and φ(ss¯) in the quark coalescence model. In
the following, we assume u and d quarks have the same
mass of 300 MeV while s-quark mass is 500 MeV. For
protons, the mean-square charged radius is found to be
< r2p >= 0.70706±0.00066 fm2 from the recent measure-
ment of muon-atom (µp) Lamb shift [33], which leads to
a harmonic oscillator frequency (w) of 0.184 GeV for the
proton wave function. For Λ, Ξ−, Ω− and φ, their radii
are unknown and generally depend on model predictions.
For simplicity, following Refs. [13, 14], we assume the har-
monic oscillator wave functions of these strange hadrons
share the same frequency ws. For Ω
−, LQCD simulation
found
√
< r2Ω− > = 0.573− 0.596 fm [34], while a recent
work based on a combined chiral and 1/NC expansions
method found that
√
< r2Ω− > = 1.0 fm [35] gives a bet-
ter χ2 fit for mean-square charge radii of baryons. We
have tried both values, and find that
√
< r2Ω− > = 1.0
fm gives a better fit of the measured spectra of these
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FIG. 2: Transverse momentum distributions of hadrons
in central Pb+Pb collisions at
√
sNN = 2.76 TeV.
The experimental results (stars) are taken from ALICE
meassurement[32, 36–38]. The solid lines are from the quark
coalescence model. The results of protons have been multi-
plied by a factor of 10.
strange hadrons and thus the corresponding frequency
ws is 0.078 GeV. Table II summarizes the corresponding
root-mean-square radii of hadrons and the coalescence
factors gc including spin and color degree of freedom.
TABLE II: The root-mean-square radii of hadrons and corre-
sponding coalescence factor gc, including the spin and color
degree of freedom.
Hadron p φ Ξ Ω Λ
rrms (fm) 0.84 0.87 1.1 1.0 1.2
gc
2
33×23
3
32×22
2
33×23
4
33×23
2
33×23
The weak decay contributions from heavier hadrons
have been already excluded in the experimental spec-
tra of p, Λ, Ξ−, Ω− and φ, but not for the strong and
electro-magnetic decays. In order to compare with exper-
imental data, we have to include these effects in quark
coalescence calculations. Following Refs. [13, 14], we as-
sume the relations NmeasuredΛ(1115) = NΛ(1115) +
1
3NΣ(1192) +
(0.87 + 0.113 )NΣ(1385) = 7.44NΛ(1115), N
measured
p = Np +
N∆++(1232) +
1
2N∆+(1232) +
1
2N∆0(1232) = 5Np, and
NmeasuredΞ− = NΞ− +
1
2NΞ(1530) = 3NΞ− . For φ and Ω
−,
we assume no strong and electro-magnetic decay correc-
tions, and thus Nmeasuredφ = Nφ, N
measured
Ω− = NΩ− . In
the above, NΛ(1115), Np, NΞ− , Nφ and NΩ− represent the
corresponding hadron multiplicity obtained directly from
the quark coalescence model.
By fitting simultaneously the measured transverse mo-
mentum spectra of p [36], Λ [32], φ [37], Ξ− [38], and
Ω− [38] for central Pb+Pb collisions at
√
sNN = 2.76
TeV, the parameters of the phase-space freezeout config-
uration are extracted and summarized as FOPb-Q in Ta-
ble I. The temperature is fixed as T = 154 MeV [39, 40],
and the extracted transverse flow rapidity parameter is
ρ0 = 1.08, the transverse radius is R0 = 13.6 fm, the
mean longitudinal proper freezeout time is τ0 = 11.0
fm/c, the proper time dispersion is ∆τ = 1.3 fm/c,
and the fugacity is 1.02 for u and d quarks and 0.89
for s-quarks. Fig. 2 compares the theoretical calcula-
tions with the experimental data for the hadron trans-
verse momentum spectra. In the theoretical calculations,
as mentioned earlier, the contributions from the strong
and electro-magnetic decays have been included to com-
pare with the measured data. One can see that the fit
is very nice, and the obtained quark freezeout configura-
tion FOPb-Q can thus be used to predict the correspond-
ing yields of ΛΛ and Λn through the quark coalescence
model.
The dashed lines in Fig. 1 represent the rrms depen-
dence of the yields of six-quark-state Λn and ΛΛ through
quark coalescence using FOPb-Q. The yield of Λn ranges
from 22.4× 10−4 to 20.0× 10−3 and correspondingly the
yield of ΛΛ ranges from 2.35×10−4 to 1.95×10−3. If we
assume the harmonic oscillator frequencies for Λn and ΛΛ
are the same as ws, their rrms are then found to be 1.4 fm
and 1.35 fm, respectively, which are indicated by stars in
Fig. 1 and the corresponding yields are 10.6× 10−3 and
9.11 × 10−4, respectively. It is seen that the predicted
yields by the quark coalescence are much smaller than
that of the hadron coalescence. This difference is mainly
due to the fact that in the hadron coalescence, the strong
decays dominantly contribute to the nucleon and Λ mul-
tiplicities, which will significantly enhance the yields of
Λn and ΛΛ through Λ-n and Λ-Λ coalescence, respec-
tively. In the quark coalescence, on the other hand, the
six-quark-state Λn and ΛΛ can only be produced directly
from the quark coalescence.
C. Comparison with experimental limits
Experimentally, no signals of bound states of Λn and
ΛΛ are observed in central Pb+Pb collisions at
√
sNN =
2.76 TeV, and instead the upper-limits of these particle
yields are obtained [9]. Shown in Fig. 3 is the compari-
son of the yields (dN/dy at y = 0) of Λn (panel (a)) and
ΛΛ (panel (b)) verse decay length (lifetime) between ex-
perimental upper-limits and theoretical calculations, and
here a preferred branching ratio of 64% [41] is used for
ΛΛ → Λppi− and 54% [42] for Λn → d¯pi+. It is very
interesting to see that while the predicted yield of Λn in
either molecular state or six-quark state is higher than
the experimental upper-limit, the yield of six-quark-state
ΛΛ could be lower than the experimental upper-limit
although the yield of molecule-state ΛΛ is higher than
the upper-limit. These features indicate that the bound
state of Λn is unlikely to exist, either in molecular or in
5 Coal. (Multi-quark, rrms=0.5-5 fm)
(a) n
Pb+Pb@2.76TeV
(Central Collisions)
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FIG. 3: Comparison between experimental upper-limits and
theoretical calculations for the yields of Λn (a) and ΛΛ (b).
A preferred branching ratio of 64% [41] is used for ΛΛ →
Λppi− and 54% [42] for Λn→ d¯pi+. The experimental results
are taken from ALICE measurement [9]. The olive shaded
regions and the orange bands are predictions of molecular
states and multi-quark states from hadron coalescence and
quark coalescence, respectively.
six-quark state, which is consistent with the conclusion
obtained from experimental analyses by the HypHI Col-
laboration [43]. Meanwhile, the molecular state of ΛΛ is
unlikely to exist either. However, the six-quark state of
ΛΛ could exist, and cannot be excluded by the ALICE
measurement.
In Fig. 3, the branching ratios of ΛΛ → Λppi− and
Λn → d¯pi+ are fixed at their preferred values which are
obtained in model prediction. To see the branching ratio
dependence of our conclusion, we present in Fig. 4 the
comparison for the yields between experimental upper-
limits of Λn (panel (a)) and ΛΛ (panel (b)) with a life-
time of free Λ and the corresponding theoretical calcu-
lations for different decay branching ratios. The dashed
lines show the predictions from hadron coalescence with
a binding energy Eb = 1 MeV and the bands correspond
to the results from quark coalescence with radius from
0.5 fm to 5 fm. One can see the yields of molecular
states are much higher than the upper-limits in almost
the whole range of decay branching ratio. The yield
of six-quark-state Λn can be consistent with experimen-
tal upper-limits only when the decay branching ratio is
smaller than 0.2 which is much smaller than the preferred
value, while the yield of six-quark-state ΛΛ is consistent
with experimental upper-limits even assuming the decay
branching ratio is as large as 0.7 which is larger than the
preferred value.
Pb+Pb@2.76TeV and y=0 (Central Collisions)
Coal. (Molecule, Eb=1 MeV)
(b)
BR
×(
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FIG. 4: Comparison between experiment upper-limits under
the assumption of the lifetime of a free Λ and theoretical cal-
culations for the yields of Λn (a) and ΛΛ (b). The dashed
lines represent the molecular states from hadron coalescence
with a binding energy Ebind = 1 MeV and the bands cor-
respond to multi-quark states from quark coalescence with
rrms = 0.5 ∼ 5 fm.
IV. CONCLUSION
Based on a covariant coalescence model with a blast-
wave-like analytical parametrization for the phase-space
configuration of the constituent particles, we have elab-
orately studied the productions of Λn and ΛΛ in central
Pb+Pb collisions at
√
sNN = 2.76 TeV. Their yields are
calculated either through hadron coalescence or quark co-
alescence. In the hadron coalescence, the two states are
considered as molecular states, and the freezeout phase-
space configurations of nucleons and Λ are extracted
through fitting the measured spectra of light nuclei and
hypernuclei. In the quark coalescence, the two states are
considered as six-quark states, and the freezeout phase-
space configuration of light and strange quarks are ex-
tracted through fitting the measured spectra of p, Λ, φ,
Ξ−, and Ω−.
Our results have indicated that the yields of Λn and ΛΛ
in multi-quark states from quark coalescence are much
lower than that in molecular states from hadron coales-
cence. This is mainly due to the dominant strong de-
cay contributions into nucleons and Λ which can signifi-
cantly enhance the molecule-state yields through hadron
coalescence. In particular, we have found that although
the predicted yields of molecule-state Λn and ΛΛ as well
as six-quark-state Λn are higher than the experimental
upper-limits, the yield of six-quark-state ΛΛ could be
lower than the upper-limits. Therefore, the molecular
or six-quark Λn as well as molecular ΛΛ are unlikely to
be bound states. However, the six-quark-state ΛΛ could
be a bound state and cannot be excluded by the ALICE
measurement. If ΛΛ is a multi-quark state, then accord-
ing to the predicted yield in the present work, we are
6likely at the edge of discovering it.
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